Abstract: Several crystal structures and a theoretical DFT structure of the important catalyst (BI-NAP)PdCl2 (BINAP: 2,2'-bis(diphenylphosphino)-1,1'-binaphthyl) have been determined. The conformational flexibilities of the BINAP backbone and of the phenyl rings do not seem to be coupled. Two novel parameter have been introduced that define the Pi-Pi stacking between the phenyl and biaryl rings in systems similar to the BINAP ligand, as well as the delta angle that is sensitive to the important interaction of the exchangeable ligands of the palladium with the equatorial phenyl rings of the BINAP. Furthermore, the calculated bite angle is 3 degrees larger than the experimentally determined bite angles. (C)
Introduction
The axially chiral ligand 2,2'-bis(diphenylphosphino)-1,1'-binaphthyl (BINAP) was introduced by Noyori, his pioneering studies about the use of BINAP rhodium [2] and ruthenium [3] complexes in the field of asymmetric catalysis were later awarded with the Nobel prize [4] . Brown and co-worker have analyzed the geometry of 2,2'-bis(diarylphosphino)-1,1'-biaryl palladium complexes [5] . The influence of solvents upon the BINAP palladium catalyzed Heck reaction was reviewed by Guiry and co-worker [6] . The solvent dependency of ion pair formation of dicationic Pd BINAP complexes was discussed by Pregosin and co-worker [7] . The same group calculated the geometry of a BINAP-Pd beta-pinene allyl complex with the basic molecular mechanics MM2* method [8, 9] . DFT calculations were used to explain an unusually long Pd-P bond length of a substituted BINAP-Pd-Br phenyl complex [10] . Ziegler et al. simplified the BINAP ligand to H 2 PC 4 H 4 PH 2 in order to be able to calculate the full reaction pathway [11] . Because of the computational demands, QM/MM calculations are still being used as reviewed by Bo and Maseras in 2008 [12] . Nevertheless, Whiteker and co-worker calculated with DFT methods a series of rhodium complexes with set dihedral angles and correlated the bite angles with the increase of energy [13] . The bite angle P-M-P was found to be of essential relevance for the selectivity in different catalyses [14] . The bite angle of eleven [Pt(η3-allyl)(diphosphine)] + complexes was calculated and compared with the yields of platinum catalyzed animation reaction [15] . However, to the best of knowledge, experimental and theoretical bite angles have not been compared. Different crystallographic isomorphs of conformational flexible macrocycles were studied in the solid state and the conversion reaction pathways by DFT [16] . We are interested in the construction of supramolecular arrangements based upon the BINAP palladium motif. In the course of this work, we have carefully studied several of the starting materials by X-ray analyses. DFT calculations in the gas phase completed the study and shed some new light on the bite angle of BINAP complexes.
Material and methods
Commercially available reagents and solvents were purchased from Sigma-Aldrich and HetCat and used as received. Chemical manipulations were carried out in dry glassware under N 2 and exclusion of light. The program suite CrysAlis Pro was used for data collection, multi-scan absorption correction and data reduction [18] . Structures were solved with direct methods using SIR97 [19] and were refined by fullmatrix least-squares methods on F 2 with SHELXL-97 [20] . Hydrogen atoms were placed in calculated positions with U eq values 1.2 times of the corresponding adjacent carbon atoms. The structures were checked for higher symmetry with help of the program Platon [21] .
The geometry optimization of compound 1 was done with the Gaussian 03 program package [22] without symmetry or internal coordinate constraints using the hybrid functional B3LYP [23] [24] [25] in conjunction with the Stuttgart/Dresden effective core potentials (SDD) basis set [26] for the Pd center and the Pople type basis set 6-31G(d) [27] . A frequency calculation on the optimized structure at the same level of theory confirmed its character as a minimum showing no imaginary frequencies.
The coordinates can be found in the supporting information.
Synthesis of ((S)-BINAP)PdCl 2 ((S)-1)
Pd ( [Pd(rac-BINAP)(4,4'-bipy)] 4 [OTf] 8 .
To a solution of 4,4'-bipy 1 (7.5 mg, 0.05 mmol) in dry acetone (12 mL) was added 15 (50.0 mg, 0.05 mmol) and the slightly yellow solution was stirred under nitrogen at room temperature for 5 hours.
After the addition of diethyl ether the cloudy solution was concentrated. The precipitate was collected, washed with diethyl ether and dried in vacuum: yield 38.1 mg (67 %). Unfortunately no crystals suitable for single crystal analysis could be grown.
Results and Discussion in the former case the originally reported space group (P4 1 ) was proven to be of too low symmetry by the ADDSYM command of the program PLATON [21] . We have crystallized the (S)-enantiomer in the space group P4 3 2 1 2 with the correct higher symmetry. In latter case, we could find in the structure, apart from the ((S)-BINAP)PdCl 2 complex, additionally two THF solvent molecules which had not be found in the original analysis ( Figure 1 ). In addition, we could determine two crystal structures: one of a co-crystal consisting of ((S)-BINAP)PdCl 2 with two 4,4'-bipyridine molecules and another one of a racemic crystal consisting of ((rac)-BINAP)PdCl 2 with one dichloromethane molecule ( Table 1) . As a comparison, we have calculated with DFT methods the gas-phase structure of (BINAP)PdCl 2 . This extended set of structures, consisting of a theoretical structure and various experimental ones, allows to study which geometrical parameters of a molecule that is intrinsically restricted in its conformational freedom vary as a function of crystallographic packing.
We have selected the following geometric parameters ( Table 2) : bite angle (angle between P1-Pd-P2), distances between the palladium and the phosphorus atoms, the angles between one of the two phenyl rings and its next naphthyl ring (within the same BINAP molecule), the dihedral angle between the planes defined by Cl1-Pd-Cl2 and P1-Pd-P2 as well as the torsion angles and  ( Figure   2 ). While the relevance of the bite angle is undisputed [14] , we chose to study the angles between one phenyl ring (C21-C26 and C33-C38 respectively) at one phosphorus atom each and its contacting naphthyl ring (within the same BINAP molecule) to indicate the extend of - stacking between these two aromatic rings. The torsion angles and  were introduced by Brown [5] to give a measure of how much the bisphosphines of biaryls can deviate from a C 2 geometry. In addition, we found the dihedral angle between the two planes defined by Cl1-Pd-Cl2 and P1-Pd-P2 to be a useful measure to indicate how much the chloride ligands are twisted away from the P-Pd-P plane thereby indicating how much of an "asymmetric effect" the exchangeable ligands within the asymmetric catalysis might feel from the phenyl rings ( Figure 3 ).
While the bite angles of all 4 crystal structures are almost identical (92.52 (3) A different picture enrolls when looking at the dihedral angle between the two planes defined by Cl1-Pd-Cl2 and P1-Pd-P2. We have introduced this delta value to estimate the "asymmetric effect" exerted upon the exchangable ligands, in our case the chloride anions, by the equatorial positioned phenyl rings [32] .
The bigger the difference between the torsion angles and  the bigger is the deviation from C 2 symmetry for the binaphthyl backbone of the BINAP. This value does not run parallel with the difference of the angles between phenyl and naphthyl rings which were discussed before. This can be easily seen for the rac-1*DCM structure: While the difference between and  is 9°, the latter angles deviate only by 0.8°.
Despite a report in the literature, that abstraction of chlorides from palladium (II) by 8-(diphenylphosphino)-quinoline is possible [33] , it seems to be necessary for non-chelated systems to abstract the chloride anions by silver salts as shown in the group of Prof. Stang [34] [35] [36] [37] and others [38] . Nevertheless our approach yielded the cocrystal structure of ((S)-BINAP)PdCl 2 with two 4,4'-bipyridine molecules.
In summary, we have significantly expanded the experimental and theoretical structural description a The angles were normalized so that  is positive and >  (Figure 2 ) as done in [5] .
b Identical values because of apparent (DFT of 1) or intrinsic (S)-1 C 2 symmetry. Figure 2: Definition of torsion angles  (C-P-Pd-P') and  (P-Pd-P'-C') as in reference [5] . Definition of dihedral angle .
